The transition helicity amplitudes from the proton ground state to the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances (γvpN * electrocouplings) were determined from the analysis of nine independent one-fold differential π + π − p electroproduction cross sections off a proton target, taken with CLAS at photon virtualities 0.5 GeV 2 < Q 2 < 1.5 GeV 2 . The phenomenological reaction model employed for separation of the resonant and non-resonant contributions to this exclusive channel was further developed. The N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − electrocouplings were obtained from the resonant amplitudes of charged double-pion electroproduction off the proton in the aforementioned area of photon virtualities for the first time. Consistent results on γvpN * electrocouplings available from independent analyses of several W -intervals with different non-resonant contributions offer clear evidence for the reliable extraction of these fundamental quantities. These studies also improved the knowledge on hadronic branching ratios for the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − decays to the π∆ and ρN final states. These new results provide a substantial impact on the QCD-based approaches that describe the N * structure and demonstrate the capability to explore fundamental ingredients of the non-perturbative strong interaction that are behind the excited nucleon state formation.
I. INTRODUCTION
The studies of transition amplitudes from the ground to excited nucleon states off the proton (γ v pN * electrocouplings) offer insight into the N * structure and allow the exploration of the non-perturbative strong interaction mechanisms that are responsible for the resonance formation as relativistic bound systems of quarks and gluons [1] [2] [3] . The data on γ v pN * electrocouplings represent the only source of information on different manifestations of the non-perturbative strong interaction in the generation of excited nucleon states of different quantum numbers.
The CLAS detector at Jefferson Lab is a unique largeacceptance instrument designed for the comprehensive exploration of exclusive meson electroproduction. It offers excellent opportunities for the study of electroexcitation of nucleon resonances in detail and with precision. The CLAS detector has provided the dominant portion of all data on meson electroproduction in the resonance excitation region. The studies of transition helicity amplitudes from the proton ground state to its excited states represent a key aspect of the N * program with CLAS [1, [4] [5] [6] .
Meson-electroproduction data off nucleons in the N * * Current address: Thomas Jefferson National Accelerator Facility, Newport News, Virginia 23606 region obtained with CLAS open up an opportunity to determine the Q 2 -evolution of the γ v N N * electrocouplings in a combined analysis of various mesonelectroproduction channels for the first time. A variety of measurements of π + n and π 0 p single-pion electroproduction off the proton, including polarization measurements, have been performed with CLAS in the range of Q 2 from 0.16 to 6 GeV 2 and in the area of invariant masses of the final hadrons W < 2.0 GeV [7] [8] [9] [10] [11] [12] [13] [14] [15] . Exclusive ηp electroproduction off the proton was studied with CLAS for W < 2.3 GeV and Q 2 from 0.2 to 3.1 GeV 2 [16] . Furthermore, differential cross section and polarization asymmetries in exclusive KY electroproduction channels were obtained for W from threshold to 2.6 GeV and for Q 2 < 5.4 GeV 2 [17] [18] [19] [20] [21] [22] . These experiments were complemented by the measurements of nine independent π + π − p electroproduction cross sections off the proton. The data on charged double-pion electroproduction covered the area of W < 1.6 GeV at photon virtualities from 0.25 to 0.55 GeV 2 [23] . They are also available from earlier measurements with CLAS for W from 1.40 GeV to 2.10 GeV and 0.5 GeV 2 < Q 2 < 1.5 GeV 2 [24] .
The electroexcitation amplitudes for the low-lying resonances ∆(1232)3/2 + , N (1440)1/2 + , N (1520)3/2 − , and N (1535)1/2 − were determined over a wide range of Q 2 in a comprehensive analysis of JLab-CLAS data on differential cross sections, longitudinally polarized beam asymmetries, and longitudinal target and beam-target asymmetries [25] . Recently γ v N N * electrocouplings of several higher-lying nucleon resonances: N (1675)5/2 − , N (1680)5/2 + , and N (1710)1/2 + have become available for the first time for 1.5 GeV 2 < Q 2 < 4.5 GeV 2 from analysis of exclusive π + n electroproduction off the proton [15] . Electrocouplings for the N (1440)1/2 + and N (1520)3/2 − resonances for Q 2 < 0.6 GeV 2 have been determined from the data on exclusive π + π − p electroproduction off the proton [27] together with the preliminary results on the electrocouplings of several resonances in the mass range from 1.6 GeV to 1.75 GeV available for the first time from this exclusive channel at 0.5 GeV 2 < Q 2 < 1.5 GeV 2 [2, 5] . The CLAS results on the γ v pN * electrocouplings [1, 5, 15, 25, 27] have had a stimulating impact on the theory of the excited nucleon state structure, in particular, on the QCD-based approaches. The light cone sum rule (LCSR) approach [28, 29] for the first time provided access to the quark distribution amplitudes (DA) inside the N (1535)1/2 − resonance from analysis of the CLAS results on the γ v pN * electrocouplings of this state [25] . Confronting the quark DA's of excited nucleon states determined from the experimental results on the γ v pN * electrocouplings to the LQCD expectations, makes it possible to explore the emergence of the resonance structure starting from the QCD Lagrangian. The moments of the N (1535)1/2 − quark DA's derived from the CLAS data are consistent with the LQCD expectations [30] .
The Dyson-Schwinger Equations of QCD (DSEQCD) provide a conceptually different avenue for relating the γ v pN * electrocouplings to the fundamental QCD Lagrangian [31] [32] [33] [34] . The DSEQCD approach allows for the evaluation of the contribution of the three bound dressed quarks, the so-called quark core, to the structure of excited nucleon states starting from the QCD Lagrangian. A successful description of the nucleon elastic form factors and the CLAS results on the N → ∆, N → N (1440)1/2 + transition electromagnetic form factors [1, 5, 25, 27] at photon virtualities Q 2 > 2.0 GeV 2 has been recently achieved within the DSEQCD framework [31, 33, 35] . However, at smaller photon virtualities Q 2 < 1.0 GeV 2 , the DSEQCD approach failed to describe the CLAS results [5, 25, 27] on the ∆(1232)3/2 + and N (1440)1/2 + γ v pN * electrocouplings [31, 33] . Furthermore, most quark models [36] [37] [38] [39] that take into account the contributions from quark degrees of freedom only, have substantial shortcomings in describing resonance electrocouplings at Q 2 < 1.0 GeV 2 even if they provide a reasonable description of the experimental results at higher photon virtualities. These are the indications for the contributions of degrees of freedom other than dressed quarks to the structure of excited nucleon states, contributions that become more relevant at small photon virtualities.
A successful description of the CLAS results on the N (1440)1/2 + γ v pN * electrocouplings [5, 25, 27] has been recently achieved at small photon virtualities up to 0.5 GeV 2 within the framework of effective field theory employing pions, ρ mesons, the nucleon, and the Roper N (1440)1/2 + resonance as the effective degrees of freedom [40] . This success emphasizes the importance of meson-baryon degrees of freedom for the structure of excited nucleon states at small photon virtualities. Furthermore, a general unitarity requirement imposes meson-baryon contributions to both resonance electromagnetic excitations and hadronic decay amplitudes. Studies of meson-baryon dressing contributions to the γ v pN * electrocouplings from the global analysis of the N π photo-, electro-, and hadroproduction data carried out by Argonne-Osaka Collaboration [41] [42] [43] within the framework of a coupled channel approach, conclusively demonstrated the contributions from both meson-baryon and quark degrees of freedom to the structure of nucleon resonances.
Some quark models that have been developed [44] [45] [46] [47] [48] take into account the contribution from both mesonbaryon and quark degrees of freedom to the structure of excited nucleon states. Implementation of meson-baryon degrees of freedom allowed for a considerably improved description of the CLAS results on the N (1440)1/2 + and N (1520)3/2 − γ v pN * electrocouplings at photon virtualities Q 2 < 1.0 GeV 2 , while simultaneously retaining a good description of these results for Q 2 > 2.0 GeV 2 . Physics analyses of the CLAS results [5, 25, 27] on the γ v pN * electrocouplings revealed the structure of excited nucleon states at photon virtualities Q 2 < 5.0 GeV 2 as a complex interplay between meson-baryon and quark degrees of freedom. The relative contributions from the meson-baryon cloud and the quark core are strongly dependent on the quantum numbers of the excited nucleons. Analyses of the A 1/2 electrocouplings of the N (1520)3/2 − resonance [43, 49] demonstrated that this amplitude is dominated by quark core contributions in the entire range of Q 2 < 5.0 GeV 2 measured by CLAS. However, the recent analysis [44] of the first CLAS results [15] on the N (1675)5/2 − γ v pN * electrocouplings suggested a dominance of the meson-baryon cloud. The experimental results on the γ v pN * electrocouplings for all prominent resonances obtained in a wide range of photon virtualities are of particular importance in order to explore the contributions from different degrees of freedom to the resonance structure.
Analyses of different exclusive channels are essential for a reliable extraction of the resonance parameters over the full spectrum of excited nucleon states. Currently the separation of the resonant and non-resonant parts of the electroproduction amplitudes can be done only within phenomenological reaction models. Therefore, the credibility of any resonance parameters extracted from the meson electroproduction data fit within the framework of any particular reaction model should be further examined. Non-resonant mechanisms in various meson-electroproduction channels are completely different, while the γ v N N * electrocouplings are the same. Consistent results for the γ v pN * electrocouplings of the N (1440)1/2 + and N (1520)3/2 − resonances that were determined from independent analyses of the major meson electroproduction channels, π + n, π 0 p, and
demonstrate that the extractions of these fundamental quantities are reliable as these different electroproduction channels have quite different backgrounds [27] . Furthermore, this consistency also strongly suggests that the reaction models [25] [26] [27] developed for the description of these channels will provide a reliable evaluation of the γ v N N * electrocouplings for analyzing either singleor charged double-pion electroproduction data. These models then make it possible to determine the electrocouplings for almost all well-established resonances that decay preferentially to the N π and/or N ππ final states. The information on the γ v N N * electrocouplings available from the exclusive charged double-pion electroproduction off the proton is still rather limited and will be extended by the results of this paper.
In this paper we present the results on the electrocouplings of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances at the photon virtualities 0.5 GeV 2 < Q 2 < 1.5 GeV 2 , obtained from the analysis of the CLAS data on π + π − p electroproduction off the proton [24] . The analysis was carried out employing the JM reaction model [26, 27] , which has been further developed to provide a framework for the determination of the γ v pN * electrocouplings from a combined fit of unpolarized differential cross sections in a broader kinematic area of W and Q 2 in comparison with that covered in our previous studies [26, 27] . This paper extends the available information on the N (1440)1/2 + and N (1520)3/2 − electrocouplings from the charged double-pion exclusive electroproduction off the proton and provides the first results on the electrocouplings and the hadronic decay widths of the ∆(1620)1/2 − resonance to the π∆ and ρN final states.
The paper is organized as follows. In Section II we describe the JM reaction model employed for the extraction of the resonance parameters and the fitted experimental data. A special fitting procedure that allowed us to account for the experimental data and the reaction model uncertainties is presented in Section III. The results on the γ v pN * electrocouplings and the hadronic decays of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances to the π∆ and ρN final states extracted from the CLAS data [24] are presented in Section IV. Insights into the non-perturbative strong interaction mechanisms offered by our results and their impact on hadron structure theory are discussed in Section V with summary and outlook in Section VI. [23] at W < 1.57 GeV. In our current analysis of the CLAS π + π − p electroproduction data [24] , the JM model was further developed in order to provide a data description in a wider area of W from 1.40 GeV to 1.82 GeV and at photon virtualities Q 2 from 0.5 GeV 2 to 1.5 GeV 2 . In this section we describe the differential cross sections we fit for the resonance parameter extraction. We also present the basic features of the JM model relevant for the extraction of the γ v pN * electrocouplings from the data [24] , focusing on the model updates needed to achieve a good description of the measured differential cross sections. [24] for the extraction of the resonance parameters.
II. ANALYSIS TOOLS FOR EVALUATION
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A. Differential Cross Sections and Kinematic Variables
At a given invariant mass W and photon virtuality Q 2 , the γ v p → π + π − p reaction can be fully described as a five-fold differential cross section
5 τ is the differential of the five independent variables in the center-of-mass (CM) frame of the final π + π − p state. There are many possible choices [50] of the five independent variables. After defining M π + p , M π − p , and M π + π − as invariant mass variables of the three possible two-particle pairs in the π + π − p system, we adopt here the following assignment for the computation of the five-fold differential cross section:
where Ω π − (θ π − , ϕ π − ) are the final state π − spherical angles with respect to the direction of the virtual photon with the ϕ π − defined as the angle between the hadronic plane A and the electron scattering plane C, see Fig 1 (a) , and
is the rotation angle of the plane B defined by the momenta of the final state π + p ′ around the axis defined by the final state π − momentum, see Fig. 1 
(b).
All frame-dependent variables are defined in the final hadron CM frame. The relations between the momenta of the final-state hadrons and the aforementioned five variables can be found in Ref. [23] . The π + π − p electroproduction data have been collected in the bins of a seven-dimensional space. As mentioned above, five variables are needed to fully describe the final hadron kinematics, while to describe the initial state kinematics, two others variables, W and Q 2 , are required. The huge number of seven dimensional bins over the reaction phase space (≈ 500,000 bins) does not allow us to use the correlated multi-fold differential cross sections in the analysis of the data, where the statistics decrease drastically with increasing Q 2 . More than half of the sevendimensional phase-space bins of the final state hadrons are not populated due to statistical limitations. This is a serious obstacle for any analysis method that employs information on the behavior of multi-fold differential cross sections. We therefore use the following one-fold differential cross sections in each bin of W and Q 2 covered by
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• invariant mass distributions for the three pairs of the final state particles dσ/dM π + π − , dσ/dM π + p , and dσ/dM π − p ;
• angular distributions for the spherical angles of the three final state particles dσ/d(− cos θ π − ), dσ/d(− cos θ π + ), and dσ/d(− cos θ p ′ ) in the CM frame;
• angular distributions for the three α-angles determined in the CM frame: determined. The d 5 σ/d 5 τ cross sections were interpolated into this five-dimensional kinematic point. All details related to the evaluation of the nine one-fold differential cross sections from the CLAS data on π + π − p electroproduction off the proton can be found in Ref. [23] .
An example of the data analyzed in two particular bins of W and Q 2 is shown in Fig. 2 . The kinematic area covered in our analysis and the data binning are summarized in Tables I and II . A phenomenological analysis of the CLAS π + π − p electroproduction data [24] was carried out for W < 1.82 GeV and at photon virtualities 0.5 GeV 2 < Q 2 < 1.5 GeV 2 . This work allows us to establish all essential mechanisms that contribute to the measured cross sections. The peaks in the invariant mass distributions provide evidence for the presence of the channels arising from γ v p → M eson + Baryon → π + π − p having an unstable baryon or meson in the intermediate state. Pronounced dependencies in the angular distributions further allow us to establish the relevant t-, u-, and s-channel exchanges. The mechanisms without pronounced kinematic dependencies are identified through examination of various differential cross sections, with their presence emerging from the correlation patterns. The phenomenological reaction model JM [26, 27, 51, 52] was developed with the primary objective to determine the γ v pN * electrocouplings and the corresponding π∆ and ρN partial hadronic decay widths from fitting all measured observables in the π + π − p electroproduction channel. The relationships between the π + π − p electroproduction cross sections and the three-body production amplitudes employed in the JM model are given in Appendix D of Ref. [26] .
The amplitudes of the γ v p → π + π − p reaction are described in the JM model as a superposition of the Fig. 3 .
The JM model incorporates contributions from all wellestablished N * states with listed in Table III considering the resonant contributions only to π∆ and ρp subchannels. We also have included the 3/2 + (1720) candidate state, whose existence is suggested in the analysis [24] of the CLAS π + π − p electroproduction data. In the versions of the JM model beginning in 2012 [27] , the resonant amplitudes are described by a unitarized Breit-Wigner ansatz as proposed in Ref. [53] ; the model was modified to make it fully consistent with a relativistic Breit-Wigner parameterization of each individual N * state contributions in the JM model [51] that also accounts for the energy-dependent resonance hadronic decay widths. A unitarized Breit-Wigner ansatz accounts for the transition between the same and different resonances in the dressed resonant propagator, which makes the resonant amplitudes consistent with restrictions imposed by a general unitarity condition [43, 54] . Quantum number conservation in the strong interaction allows for transitions between the pairs of N * states N (1520)3/2 − ↔ N (1700)3/2 − , N (1535)1/2 − ↔ N (1650)1/2 − , and 3/2 + (1720) ↔ N (1720)3/2 + incorporated into the JM model. We found that the use of the unitarized Breit-Wigner ansatz has a minor influence on the γ v N N * electrocouplings, but it may substantially affect the N * hadronic decay widths determined from fits to the CLAS data.
The non-resonant contributions to the π∆ subchannels incorporate a minimal set of current-conserving Born terms [26, 51] . They consist of t-channel pion exchange, s-channel nucleon exchange, u-channel ∆ exchange, and contact terms. Non-resonant Born terms were reggeized and current conservation was preserved as proposed in Refs. [55, 56] . The initial-and finalstate interactions in π∆ electroproduction are treated in an absorptive approximation, with the absorptive coefficients estimated from the data from πN scattering [51] . Non-resonant contributions to the π∆ sub-channels further include additional contact terms that have different Lorentz-invariant structures with respect to the contact terms in the sets of Born terms. These extra contact terms effectively account for non-resonant processes in the π∆ sub-channels beyond the Born terms, as well as for the final-state interaction effects that are beyond those taken into account by the absorptive approximation. Parameterizations of the extra contact terms in the π∆ sub-channels are given in Ref. [26] . A phenomenological treatment of the initial and final state interactions [51] along with the extra-contact-terms [26] in the π∆ sub-channels determined from fits to the data are important in order to account for the constraints imposed by unitarity on the non-resonant amplitudes of these subchannels.
The contributions from the ρp meson-baryon channel are quite small in the range of W < 1.71 GeV where the resonance parameters presented in this paper are determined. However, reliable accounting of this channel is important for ascertaining the electrocouplings and the corresponding hadronic parameters of the resonances in the aforementioned range of W . Non-resonant amplitudes in the ρp sub-channel are described within the framework of a diffractive approximation, which also takes into account the effects caused by ρ-line shrinkage [57] . The latter effects play a significant role in near-threshold and sub-threshold ρ-meson production for W < 1.71 GeV. The previous analyses of the CLAS data [23, 24] have revealed the presence of the ρp sub-channel contributions for W > 1.5 GeV.
The
+ sub-channels are described in the JM model by non-resonant contributions only. The amplitudes of the π + N 0 (1520)3/2 − sub-channel were derived from the non-resonant Born terms in the π∆ sub-channels by implementing an additional γ 5 -matrix that accounts for the opposite parities of ∆ (1232) [5, 52] to the CLAS π + π − p data [24] . The quantities labeled as var correspond to the variable parameters fit to the CLAS π + π − p data [24] within the framework of the current JM model version. Start values for the resonance electrocouplings are taken from the references listed in the last column and extrapolated to the Q 2 area covered by the CLAS experiment [24] . 3/2 + (1720) represents the candidate N * state with the signal reported in a previous analysis of CLAS data [24] .
should be taken into account for W > 1.5 GeV.
The π + N 0 (1685)5/2 + and π − ∆ ++ (1600)3/2 + subchannel contributions are seen in the data [24] at W > 1.6 GeV. These contributions are almost negligible at smaller W .
The effective contact terms were employed in the JM model for parameterization of these sub-channel amplitudes [61] . The magnitudes of the π + N 0 (1685)5/2 + and π − ∆ ++ (1600)3/2 + sub-channel amplitudes were fit to the data for each bin in W and Q 2 .
In general, unitarity requires the presence of so-called 2π direct production mechanisms in the π + π − p electroproduction amplitudes, where the final π + π − p state is created without going through the intermediate step of forming unstable hadron states [54] . These 2π direct production processes are beyond the aforementioned contributions from the two-body sub-channels. 2π direct production amplitudes were established for the first time in the analysis of the CLAS π + π − p electroproduction data [26] . They are described in the JM model by a sequence of two exchanges in the t and/or u channels by unspecified particles that may come from two Regge trajectories. The amplitudes of the 2π direct production mechanisms are parameterized by a Lorentz-invariant contraction between spin-tensors of the initial and final-state particles, while two exponential propagators describe the above-mentioned exchanges by unspecified particles. The magnitudes of these amplitudes are fit to the data for each bin in W and Q 2 . The contributions from the 2π direct production mechanisms are maximal and substantial (≈ 30%) for W < 1.5 GeV and they decrease with increasing W , contributing less than 10% for W > 1.7 GeV. However, even in this kinematic regime, 2π direct production mechanisms can be seen in the π + π − p electroproduction cross sections due to an interference of the amplitudes with the two-body sub-channels. Explicit expressions for the above-mentioned 2π direct production amplitudes can be found in Appendices A-C of Ref. [26] . We are planning to explore the possibility to replace this phenomenological ansatz by the B 5 Veneziano model that was employed successfully in the studies of charged double-kaon photoproduction [63] .
The studies of the final state hadron angular distributions over
conclusively demonstrated the need to implement the relative phases for all 2π direct production mechanisms included in the JM model. Figure 4 shows the comparison of the measured data [24] to the differential cross sections
computed within the framework of the JM model for values of the relative phases of the 2π direct production mechanisms fit to the data and for values of these phases equal to zero. The computed cross sections, assuming zero phases for all 2π direct production amplitudes, underestimate the measured dσ/dα
• (left panel in Fig. 4 ). This is a consequence of destructive interference of these contributions with the amplitudes of other relevant processes at Q 2 =0.95 GeV 2 and insufficient constructive interference at Q 2 =0.65 GeV 2 . Fits to the data phases of The JM model provides a reasonable description of the nine π + π − p one-fold differential cross sections for W < 1.8 GeV and Q 2 < 1.5 GeV 2 . As a typical example, the nine one-fold differential cross sections and their corresponding descriptions for W = 1.51 GeV and Q 2 = 0.65 GeV 2 and for W = 1.61 GeV and Q 2 = 0.95 GeV 2 are shown in Fig. 2 , together with the contributions from each of the individual mechanisms incorporated into the JM model. Any contributing mechanism will be manifested by substantially different shapes in the cross sections for the observables, all of which are highly correlated through the underlying reaction dynamics. The simultaneous description of all the nine one-fold differential cross sections allows for identifying the essential mechanisms contributing to the π + π − p electroproduction off the proton.
Descriptions of the fully integrated π + π − p electroproduction cross sections are shown in Fig. 5 together with the contributions from the meson-baryon mechanisms of the JM model. The major part of the π + π − p electroproduction off the proton at W < 1.6 GeV is due to contributions from the two π∆ isobar channels, π − ∆ ++ and π + ∆ 0 . The ∆ ++ (1232) resonance is clearly seen in all π + p mass distributions for W > 1.4 GeV, while contributions from the π + ∆ 0 isobar channel are needed to better describe the data in the low mass regions of the π − p mass distributions. The strength of the π − ∆ ++ isobar channel observed in the data [23, 24] is approximately nine times larger than that of π + ∆ 0 [26] due to isospin invariance. The CLAS data [24] demonstrated sub-leading but still important contributions from the π + D 0 13 (1520) meson-baryon channel. This contribution is needed for a description of the π + CM-angular distributions at forward angles and allows us to better describe the π − p invariant mass distributions as W increases (see Fig. 2 ). The contributions from 2π direct production mechanisms shown in Fig. 5 were obtained with the phases of these mechanisms derived from the CLAS data [24] . These contributions are substantial, up to 30% at W < 1.5 GeV. They decrease sharply as W increases. Direct 2π production mechanisms become minor at W > 1.7 GeV, but they still should be taken into account because of their interference with larger amplitudes of other contributing mechanisms. 2π direct production mechanisms are kinematically allowed in the entire range of W , while mesonbaryon channels with final mesons/baryons heavier than the pion/nucleon can be open at W larger than the respective threshold values. This may explain the biggest contributions from 2π direct production mechanisms at small W < 1.5 GeV. The π + π − p final state interaction with all open meson-baryon channels may be a plausible explanation for the sharp decrease of these mechanism contributions at W > 1.5 GeV, see Fig 5. A quantitative description of this pronounced effect in the behavior of the 2π direct production mechanisms represents a challenging task for the global multi-channel analysis of exclusive meson electroproduction within the framework of the coupled channel approaches under development by the Argonne-Osaka group [41, 58] .
Accounting for the restrictions imposed by unitarity on the π + π − p electroproduction amplitudes represents an important requirement for reliable extraction of the resonance parameters. However, a rigorous implementa-tion of unitarity for this three-body exclusive channel is still far from the reach of reaction theory and is outside the scope of this paper. To our knowledge, none of the available models is capable of providing fully unitarized amplitudes to fit the π + π − p data to determine the electroproduction amplitudes. A very promising step in this direction was made by the Argonne-Osaka group [59, 64] . Nevertheless, their approach is still under development. In this paper we employ a strategy that allows us to account phenomenologically for unitarity constraints in extracting the resonance parameters. As was mentioned above, we incorporated several features in the JM model in order to account for the unitarity restrictions on the resonant/non-resonant π + π − p electroproduction amplitudes: a) the unitarized Breit-Wigner ansatz for the resonant amplitudes, b) the phenomenological treatment of the initial and final state interactions and the inclusion of the extra contact terms for the non-resonant amplitudes of the π∆ sub-channels, and c) direct 2π production mechanisms. A good description of the nine one-fold differential cross sections in the entire kinematic area of W and Q 2 analyzed in this paper strongly suggests a reliable parameterization of the squared π + π − p electroproduction amplitudes achieved for the CLAS data [24] fit within the framework of the JM model updated as was described in earlier. The π + π − p electroproduction amplitudes determined from a fit to the data account for the restrictions imposed by unitarity on their magnitudes at the real energy axis because the measured differential cross sections should be consistent with the unitarity constraints. The resonant contributions to the differential cross sections were obtained from these amplitudes switching off the non-resonant parts. In Section III we will discuss in detail the extraction of the resonant contributions to the differential cross sections. The resonant parameters were extracted from the resonant contributions to the differential cross sections employing the unitarized Breit-Wigner ansatz for the resonant amplitudes. Therefore, the unitarity constraints on the resonant amplitudes were fully taken into account. The resonant parameters were obtained at the real energy axis at the resonant point W = M N * . The reliability of the resonance parameters obtained in this way is determined by credible isolation of the resonant contributions to the differential cross sections, which will be discussed in Section III.
III. THE CLAS DATA FIT
The resonance parameters obtained in our work were determined in the simultaneous fit to the CLAS π + π − p electroproduction differential cross sections [24] in the three Q 2 -bins listed in Table I . The W -area included in the fit is limited to W < 1.71 GeV. Currently the resonance content for the structure in the W -dependence of the fully integrated π + π − p cross sections at W ≈ 1.7 GeV [24] is still under study [65] . For this reason the resonance parameters for the states located at W above [26, 27] . The ranges in the table correspond to the 3σ areas around the start values of the parameters.
1.64 GeV are outside of this paper scope.
In order to provide a realistic evaluation of the resonance parameters, we abandoned the traditional leastsquares fit, since the parameters extracted in such a fit correspond to a single presumed global minimum, while the experimental data description achieved with other local minima may be equally good within the data uncertainties. Furthermore, the traditional evaluation of the fit-parameter uncertainties, based on the error propagation matrix, cannot be used for the same reason.
The special data fit procedure described in Ref. [27] was employed for extraction of the resonance parameters. It allows us to obtain not only the best fit, but also to establish bands of the computed cross sections that are compatible with the data within their uncertainties. In the fit we simultaneously vary the resonant and non-resonant parameters of the JM model given in Tables III and IV , respectively. More details on the non-resonant mechanisms listed in Table IV can be found in Refs. [26, 27] . These non-resonant mechanisms have an essential influence on the data description at W < 1.71 GeV. The values of the aforementioned non-resonant/resonant parameters were evaluated under simultaneous variation of:
• the magnitudes of additional contact-term amplitudes in the π − ∆ ++ and π + ∆ 0 isobar channels (2 parameters per Q 2 -bin);
• the magnitudes of the π + N 0 (1520)3/2 − isobar channel (1 parameter per Q 2 -bin);
• the magnitudes of all direct 2π production amplitudes (9 parameters per Q 2 -bin including the phases described in the Section II B);
• and the variable resonant parameters listed in Table III. The CLAS All of the aforementioned parameters are sampled around their start values, employing unrestricted normal distributions. In this way we mostly explore the range of ≈ 3σ around the start parameter values. The W -dependencies of the magnitudes of the amplitudes of all non-resonant contributions are determined by adjusting their values to reproduce the measured nine one-fold differential charged double-pion electroproduction cross sections [24] . We apply multiplicative factors to the magnitudes of all non-resonant amplitudes. They remain the same in the entire W -interval covered by the fit within any Q 2 -bin, but they depend on the photon virtuality Q 2 and are fit to the data in each Q 2 -bin independently. The multiplicative factors are varied around unity employing normal distributions with the σ values in the ranges listed in Table IV . In this way we retain the smooth W -dependencies of the non-resonant contributions established in the adjustment to the data and explore the possibility to improve the data description in the simultaneous variation of the resonant and nonresonant parameters.
In this fit we also vary the γ v pN * electrocouplings and the π∆ and ρp hadronic partial decay widths of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances around their start values. The start values of the N (1440)1/2 + and N (1520)3/2 − electrocouplings were determined by interpolating the results from the analyses [25, 27] of the CLAS data on N π and π + π − p electroproduction off the proton in the range 0.5 GeV 2 < Q 2 < 1. around their start values.
The π + π − p electroproduction channel also has some sensitivity to the N (1535)1/2 − state, which couples dominantly to the N π and N η final states. The N (1535)1/2 − electrocouplings were taken from the CLAS analysis of N π electroproduction [25] and varied strictly inside the uncertainties reported in that paper.
The start values of the ∆(1620)1/2 − and N (1650)1/2 − electrocouplings were taken from a preliminary analysis [5] . In this study the resonance electrocouplings were adjusted to describe the nine π + π − p one-fold differential cross sections [24] in the W -interval from 1.41 to 1.80 GeV and at 0.5 GeV 2 < Q 2 < 1.5 GeV 2 . However, the results [5] do not allow us to draw unambiguous conclusions regarding the resonant content of the structure at W ≈ 1.7 GeV. Therefore, we are using the results of this analysis as an estimate for the resonance electrocoupling start points to fit the charged double-pion electroproduction data [24] for W < 1.71 GeV and 0.5 GeV 2 < Q 2 < 1.5 GeV 2 . Since the resonance content of the structure at W ≈ 1.7 GeV is still under study, we present in this paper the fit results for the resonances with masses less than 1.64 GeV. In the extraction of these resonance parameters we also account for the contributions of the tails from several excited proton states in the third resonance region, N (1685)5/2 + , N (1720)3/2 + , and ∆(1700)3/2 − , with their start electrocoupling values taken from the analyses of Refs. [5, 66] and varied within 15% of their parameters. The N (1685)5/2 + state decays mostly to the N π final states. The electrocouplings of this state determined in the analyses of π + π − p electroproduction [5, 66] are consistent with the results of independent analysis of N π electroproduction [67] . This suggests a reasonable evaluation of the aforementioned third resonance region state electrocouplings in the analyses [5, 66] of the π + π − p electroproduction data as the start values for extraction of the resonance parameters for the states with masses less than 1.65 GeV. The contributions from the tails of the N (1675)5/2 − , N (1700)1/2 + , and N (1700)3/2 − resonances were found to be negligible for W < 1.64 GeV.
The π∆ and ρp hadronic decay widths of the N (1440)1/2 + , N (1520)3/2 − , and N (1535)1/2 − reso- nances were varied around their start values taken from previous analyses of the CLAS double-pion electroproduction data [27] . For the ∆(1620)1/2 − state, the start values of these parameters were computed as the products of the N * total decay widths from Ref. [68] and the branching fractions for decays to the π∆ and ρN final states were taken from analyses of πN → ππN hadroproduction [69] . The ranges for the variations of the π∆ and ρp hadronic decay widths were restricted by the total N * decay widths and their uncertainties shown in Table VI . The total N * decay widths were obtained by summing the partial widths over all decay channels. The partial hadronic decay widths to all final states other than π∆ and ρp were computed as the products of RPP [68] values of the N * total decay widths and branching fractions for decays to particular hadronic final states, which were taken from the analysis of Ref. [69] . We varied the π∆ and ρp hadronic decay widths of the N (1440)1/2 + , N (1520)3/2 − , N (1535)1/2 − , ∆(1620)1/2 − , and N (1650)1/2 − resonances simultaneously with their masses, keeping the hadronic N * parameters independent of Q 2 . The π∆ and ρp hadronic decay widths of all other resonances obtained in the analyses of Refs. [5, 66] and noted in Table III Fig. 6, 7 . In this fit procedure we obtained the χ 2 /d.p. intervals within which the computed cross sections described the data equally well within the data uncertainties.
We fit the CLAS data [24] Since only statistical data uncertainties were used in the computation of the χ 2 /d.p. values listed in Table VII , we concluded that a reasonable data description was achieved. The χ 2 /d.p. values of our fits are comparable with those obtained in the fit of the CLAS N π and π + π − p electroproduction data published in Refs. [15, 25] and in Ref. [27] , respectively.
For each computed cross section point the resonant/non-resonant contributions were estimated switching off the non-resonant/resonant amplitudes, respectively. The determined resonant/non-resonant contributions to the nine one-fold differential cross sections are shown in Fig. 6, 7 . The results suggest the unambiguous and credible separation between the resonant/non-resonant contributions achieved fitting the CLAS data [24] within the framework of the JM model.
The determined resonant/non-resonant contributions are located within well defined ranges (see Fig. 6, 7 ) and show no evidence for separation ambiguities, which would manifest themselves as substantial differences between the particular computed resonant/non-resonant cross sections and the ranges determined for the resonant/non-resonant contributions as shown in Fig. 6, 7 . Such features in the behavior of the resonant/non-resonant contributions remain unseen in the entire area of W and Q 2 covered by our analysis. Furthermore, the uncertainties of the resonant/non-resonant contributions are comparable with the uncertainties of the measured cross sections, demonstrating again unambiguous resonant/non-resonant separation of a good accuracy. The credible isolation of the resonant contributions makes it possible to determine the resonance parameters from the resonant contributions employing for their description the amplitudes of the unitarized Breit-Wigner ansatz that fully accounts for the unitarity restrictions on the resonant amplitudes.
The resonance parameters obtained from each of these equally good fits were averaged and their mean values were taken as the resonance parameters extracted from the data. The dispersions in these parameters were taken as the uncertainties. The resonance electrocoupling uncertainties obtained in this manner are shown in Figs. 8, 9, 10. Our fitting procedure allowed us to obtain more realistic uncertainties that take into account both statistical uncertainties in the data and systematic uncertainties imposed by the use of the JM reaction model. Furthermore, we consistently account for the correlations between variations of the non-resonant and resonant contributions while extracting the resonance parameters.
IV. EVALUATION OF THE γvpN * RESONANCE ELECTROCOUPLINGS AND HADRONIC DECAY WIDTHS TO THE π∆ AND ρN FINAL STATES
The procedure described in Section III allowed us to determine the γ v pN * electrocouplings of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances and their uncertainties.
Our analysis extended the information on the electrocouplings of the N (1440)1/2 + and N (1520)3/2 − states providing the first results in the range of photon virtualities 0.5 GeV 2 < Q 2 < 1.5 GeV 2 from the CLAS data. The ∆(1620)1/2 − resonance decays preferentially to the N ππ final state, making the charged double-pion electroproduction channel the major source of information on the electrocouplings of this state. Our studies provide the first results on the electrocouplings and hadronic decays of this resonance to the π∆ and ρp final states from analysis of exclusive charged double-pion electroproduction. A special approach was developed for the evaluation of the ∆(1620)1/2 − electrocouplings. The analysis of the CLAS π + π − p electroproduction data revealed that the A 1/2 electrocoupling of this resonance was much smaller than the S 1/2 for 0.5 GeV 2 < Q 2 < 1.5 GeV 2 [5] . The A 1/2 variations computed as a percentage of the start value became too small. For realistic uncertainty estimates we varied A 1/2 in a much wider range that made its tested absolute values comparable with those for the S 1/2 electrocoupling. We fit the CLAS data [24] on π + π − p electroproduction by varying A 1/2 , as described above, keeping the variation of all other resonant and non-resonant parameters as described in Section III.
In order to compare our results on the N (1440)1/2 + and N (1520)3/2 − electrocouplings in the π + π − p electroproduction channel with their values from the analysis of N π electroproduction, we must use in both of the exclusive electroproduction channels common branching fractions for the decays of these resonances to the N π and N ππ final states. According to the RPP [68] , the sum of the branching fractions into the N π and N ππ final states accounts for almost 100% of the total decay widths of the N (1440)1/2 + and N (1520)3/2 − states. Since the N π exclusive electroproduction channels are most sensitive to contributions from the N (1440)1/2 + and N (1520)3/2 − resonances, we re-evaluated the branching fraction for decay to the N ππ final states BF (N ππ) corr as:
For these resonance decays to the N ππ final states it turns out that the estimated branching fractions BF (N ππ) corr from Eq.(1) are slightly (<10%) different with respect to those obtained from the π + π − p fit (BF (N ππ) 0 ). Therefore, we multiplied the π∆ and ρp hadronic decay 
in order to keep the resonant parts and the computed differential π + π − p cross sections unchanged under the re-scaling of the resonance hadronic decay parameters described above.
The electrocouplings of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances were determined in our analysis for 0.5 GeV 2 < Q 2 < 1.5 GeV 2 , where there is still no data on observables of other exclusive meson electroproduction channels measured with CLAS. We have developed special procedures to test the reliability of the resonance γ v pN * electrocouplings and their π∆ and ρp partial hadronic decay widths extracted from the charged double pion electroproduction data only. In order to check the reliability of the extracted γ v pN * electrocouplings, we carried out the extraction of the resonance parameters of all of the aforementioned resonances independently, fitting the CLAS π + π − p electroproduction data [24] in the five overlapping intervals of W given in Table VII + resonance determined from analysis of the CLAS π + π − p electroproduction data [24] carried out independently in three intervals of W : 1.41 GeV < W < 1.51 GeV (black squares), 1.46 GeV < W < 1.56 GeV (red circles), and 1.51 GeV < W < 1.61 GeV (blue triangles). − resonance determined from analysis of the CLAS π + π − p electroproduction data [24] carried out independently in three intervals of W : 1.41 GeV < W < 1.51 GeV (black squares), 1.46 GeV < W < 1.56 GeV (red circles), and 1.51 GeV < W < 1.61 GeV (blue triangles).
1.51 GeV to 1.61 GeV are different in comparison to the fit results of the two others W -intervals. We consider the values of the ∆(1620)1/2 − electrocouplings determined in the W -interval from 1.56 GeV to 1.66 GeV as the most reliable, since the others W -intervals overlap only over part of the resonance line width of the ∆(1620)1/2 − . The consistent results on the γ v pN * electrocouplings from the independent analyses of different W -intervals strongly support the reliable extraction of these fundamental quantities, as well as the capability of the JM model to provide reliable information on the γ v pN * resonance electrocouplings from analysis of the data on exclusive charged double-pion electroproduction.
The final results on the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − electrocouplings are listed in Tables VIII, IX, and X. They were determined from the fit of the CLAS data [24] in the W -intervals given in the captions of Tables VIII, IX, and X covering the three Q 2 -bins centered at 0.65 GeV 2 , 0.95 GeV 2 , and 1.30 GeV 2 . The intervals over W within which the resonance electrocouplings were extracted were determined by the requirement that the selected W intervals overlap the area of − resonance determined from analysis of the CLAS π + π − p electroproduction data [24] carried out independently in three intervals of W : 1.51 GeV < W < 1.61 GeV (black squares), 1.56 GeV < W < 1.66 GeV (red circles), and 1.61 GeV < W < 1.71 GeV (blue triangles). in our previous analyses of the CLAS N π and N ππ electroproduction data [25, 27] . The A 1/2 electrocouplings of the N (1520)3/2 − state are negative and increase with photon virtualities, confirming the local minimum at Q 2 ≈ 0.45 GeV 2 observed in our previous analyses [25, 27] . The electroexcitation of the ∆(1620)1/2 − resonance is dominated by longitudinal electrocouplings in the entire area of photon virtualities covered in our analysis, 0.5 GeV 2 < Q 2 < 1.5 GeV 2 . In this analysis we also obtained the hadronic decay widths of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances to the π∆ and ρp final states. These parameters were determined from the π + π − p electroproduction data [24] under simultaneous variations of the resonance masses, γ v pN * electrocouplings, and hadronic decay widths to the π∆ and ρN final states under the requirement of Q 2 -independence of the resonance masses and hadronic decay parameters.
The N (1440)1/2 + and N (1520)3/2 − masses, as well as [24] on π + π − p electroproduction off the proton within the framework of the updated JM model described in Section II B in comparison with the results of our previous analysis [27] and RPP [68] .
Parameter
Current analysis of the CLAS Previous analysis [24] of the CLAS RPP [24] on π + π − p electroproduction off the proton within the framework of the updated JM model described in Section II B in comparison with the results of our previous analysis [27] and RPP [68] .
the branching fractions for the decays to the π∆ and ρN final states extracted in the fit of the data [24] , are given in Tables XI and XII in comparison with the results of our previous analysis [27] of the CLAS π + π − p electroproduction data [23] carried out at smaller W and Q 2 . The results of our current analysis on the N (1440)1/2 + and N (1520)3/2 − masses, and their total and partial hadronic decay widths to the π∆ and ρp final states are consistent. A successful description of the CLAS π + π − p electroproduction data over different and wide ranges of photon virtualities, 0.25 GeV 2 < Q 2 < 0.6 GeV 2 (previous analysis [27] ) 0.5 GeV 2 < Q 2 < 1.5 GeV 2 (current analysis), strongly support the reliable separation of the resonant and non-resonant contributions achieved within the framework of the JM model and the credible extraction of the N (1440)1/2 + and N (1520)3/2 − resonance parameters. Both the current and previous analyses of the CLAS π + π − p electroproduction data suggest that the ρp hadronic decay widths of the N (1440)1/2 + and N (1520)3/2 − resonances are smaller than those reported in the RPP, and that the π∆ hadronic decay widths of the N (1520)3/2 − are larger than those reported in RPP [68] . The successful description of the CLAS π + π − p electroproduction data [23, 24] in a wide area of Q 2 from 0.25 GeV 2 to 1.5 GeV 2 achieved with Q 2 -independent resonance hadronic parameters, makes the results presented in Tables XI and XII For the first time the hadronic decay parameters of the ∆(1620)1/2 − resonance listed in Table XIII , have become available from the analysis of the π + π − p electroproduction data. The mass, total width, and the branching fractions for decays of the ∆(1620)1/2 − to the π∆ final states obtained in our analysis are in good agreement with the RPP results [68] . The current analysis suggests much larger values of the branching fractions for decays of the ∆(1620)1/2 − to the ρp final states in comparison with those presented in RPP. A successful description of the CLAS π + π − p electroproduction data [24] with Q 2 independent values of the ∆(1620)1/2 − hadronic decay widths strongly supports the branching fraction values listed in Table XIII . The large values determined for the branching fraction for decays of the ∆(1620)1/2 − to the ρp final states represent an interesting and unexpected result, since the ∆(1620)1/2 − state is located in the subthreshold area for ρp electroproduction off the proton. The absence of ρ peaks in the data on the π + π − invariant mass distributions at W ≈ 1.6 GeV, in combination with large ρp hadronic decays of the ∆(1620)1/2 − , impose restrictions on the upper limits of the A 1/2 electrocouplings for the ∆(1620)1/2 − state, making their absolute values much smaller than those of the S 1/2 electrocouplings. [24] on π + π − p electroproduction off the proton within the framework of the updated JM model described in Section II B in comparison with RPP [68] .
FIG. 11:
Description of the resonance electroexcitation amplitudes within the framework of DSEQCD [3, 31, 33] : A) the amplitude for the transition p → three dressed quarks or the ground state wave function ψp, B) the amplitude for the transition three dressed quarks → N * or the excited nucleon state wave function ψN * , C) the amplitude that describes the interaction between the virtual photon and three dressed quarks bound by the non-perturbative strong interaction between pairs of correlated quarks (di-quark) and by the dressed quark exchange between the di-quark pair and third quark. The virtual photon interactions with the quark and di-quark currents are shown on the left and top right diagrams, respectively. The di-quark currents incorporate the transitions between di-quarks of the same and different quantum numbers. The full N → N * transition amplitude can be found in Fig. C1 of Ref. [31] .
V. IMPACT ON STUDIES OF THE N *

STRUCTURE FROM THE NEW CLAS RESULTS
In this section we discuss the impact of the new CLAS results on the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − electrocouplings and their partial hadronic decay widths to the π∆ and ρN final states on the contemporary understanding of the structure of these states. We will also outline new possibilities for hadron structure theory to employ these experimental results in order to explore how the dynamical properties of three constituent dressed quarks inside the resonance quark core emerge from QCD. , represent the most explored excited nucleon states. Detailed information on the electrocouplings of these states that are available for the first time from CLAS, have already provided a profound impact on the contemporary understanding of the nucleon resonance structure [1, 2, 27] .
Recent progress in the studies of resonance structure achieved within the framework of the Dyson-Schwinger Equations of QCD (DSEQCD) [3, 31, 33] has allowed us for the first time to interpret the experimental results on the nucleon elastic form factors, as well as the magnetic p → ∆ and p → N (1440)1/2 + Dirac (F * 1 ) and Pauli (F * 2 ) transition from factors start from the QCD Lagrangian. Currently this approach is capable of evaluating the contributions from the quark core of three dressed quarks to the nucleon elastic and p → N * transition form factors. DSEQCD approaches describe the ground and excited nucleons as bound systems of three dressed quarks that represent the complex objects generated nonperturbatively from an infinite number of QCD quarks and gauge gluons. The dynamical properties of dressed quarks, the momentum dependent mass M (p) and form factors, that enter into the quark electromagnetic current, are determined start from the QCD Lagrangian employing the towers of gap equations for quarks and gluons [3] . The ground and excited nucleon state masses and the transition amplitudes, p → three dressed quarks (the ground state wave function) and three dressed quarks → N * (the excited nucleon state wave function), are obtained in a Poincaré covariant approach employing Faddeev equations for the three dressed quarks. The non-perturbative interactions between the three dressed quarks are reduced to a quark-quark interaction that generates pairs of correlated quarks, the so-called dynamical di-quark, and dressed quark exchanges between the diquark pair and third quark shown in the parts labeled "C" in Fig. 11 [3, 70] . The ground and excited nucleon state masses emerge as poles in the energy dependence of the amplitude with the respective spin-parity that comes from the Faddeev equation solution. The ground/excited nucleon state wave functions represent the residues of the Faddeev equation solutions at the respective pole positions. The resonance electroexcitation amplitudes, depicted in Fig. 11 , are evaluated as the product of three amplitudes: A) ground state p → three dressed quarks, B) three dressed quarks → resonance N * , and C) interaction between real/virtual photons and the three dressed quarks. The latter part C is described mostly by real/virtual photon couplings to the dressed quark and di-quark pair currents. All details on the evaluations of resonance electroexcitation amplitudes can be found in Refs. [31, 33] .
The resonance electroexcitation amplitudes shown in Fig. 11 should be sensitive to the momentum dependence of the dressed quark mass M (p), since it affects all quark propagators and dressed quark currents. Moreover, it was shown in Refs. [31, 33] that the momentum dependence of the dressed quark mass has a pronounced influence on the wave functions of the ground and excited nucleon states. DSEQCD studies of experimental results on elastic nucleon form factors [35] confirmed these expectations and revealed considerable sensitivity of the nucleon elastic form factors to the momentum dependence of the dressed quark mass function. It was found that the location of the zero crossing for the ratio
is determined by the derivative of the dressed quark mass function M (p).
The need to employ a momentum-dependent dressed quark mass function was conclusively demonstrated in the studies of the N → ∆ magnetic transition form factor within the DSEQCD framework [3] . Computations employing a dressed quark with a momentum-independent mass generated by simplified contact quark-quark interactions were able to describe the experimental results only in a very limited range of photon virtualities Q 2 < 3.0 GeV 2 . Instead, the DSEQCD evaluation with running quark mass successfully reproduced the experimental data at Q 2 > 1.0 GeV 2 in the entire range of photon virtualities covered by measurements reaching up to 8.0 GeV 2 . The recent DSEQCD studies of the N (1440)1/2 + resonance electroexcitation [33] derive from a realistic quarkquark interaction that generates a momentum-dependent dressed quark mass function. The evaluated contributions from the quark core to the Dirac F * 1 and to the Pauli F * 2 p → N (1440)1/2 + transition form factors are shown in Fig. 12 by the dashed lines in comparison with the CLAS experimental results published in Refs. [25, 27] , as well as with those obtained in this present work. DSE-QCD reasonably reproduces the experimental results for Q 2 > 2.5 GeV 2 . However, a pronounced disagreement for Q 2 < 1.0 GeV 2 , in particular, for the Pauli F * 2 form factor, suggests significant contributions from degrees of freedom other than the quark core, presumably the meson-baryon cloud found in the global multichannel analysis of exclusive meson photo-, electro-, and hadroproduction data [43] . These contributions are still beyond the scope of DSEQCD studies [33] . However, we have to account for the fraction of the meson-baryon degrees of freedom in the wave functions of the ground and excited nucleon states. We choose to estimate this contribution by multiplying the p → N (1440)1/2 + transition form factors computed within the DSEQCD approach [33] by a common Q 2 -independent factor fit to the data for Q 2 > 3.0 GeV 2 , where the meson-baryon cloud contributions are much smaller than those from the quark core. The fit value of this factor of 0.73 is consistent with the results of a recent advanced light front quark model [45] , which employs the parameterization of running quark mass function in spirit of DSE-QCD [3] . The p → N (1440)1/2 + transition form factors obtained in this way are shown in Fig. 12 by the solid blue lines. A good description of the experimental results for Q 2 > 1.5 GeV 2 is achieved within the entire range of photon virtualities covered by the measurements.
The dressed quark mass function used in the DSE-QCD computations of the p → N (1440)1/2 + transition form factors [33] is exactly the same as that employed in the previous evaluations of the nucleon elastic and magnetic p → ∆ transition form factors [31, 35] . The ∆(1232)3/2 + and N (1440)1/2 + excited nucleon states have a distinctively different structure: spin-flavor flip for the ∆(1232)3/2 + and the first radial excitation of three dressed quarks for the N (1440)1/2 + . A successful description of the elastic and transition form factors to nucleon resonances of distinctively different structure achieved with the same dressed quark mass function strongly underlines:
• the relevance of dynamical dressed quarks with the properties predicted by the DSEQCD approach [3] as constituents of the quark cores for the structure of the ground and excited nucleon states;
• the capability of the DSEQCD approach [31, 33] to map out the dressed quark mass function from the experimental results on the Q 2 -evolution of the nucleon elastic and p → N * transition form factors (γ v pN * electrocouplings) from a combined analysis.
Consistent results on the momentum dependence of the dressed quark mass function obtained from independent analyses of nucleon elastic and p → N * form factors, i.e. γ v pN * electrocouplings for the transition to excited nucleons with different quantum numbers, are critical in order to prove the reliable access to this fundamental quantity.
DSEQCD analyses [31, 33] of the CLAS results on the p → ∆ and p → N (1440)1/2 + transition form factors (the latter shown in Fig. 13 ) have demonstrated the capability of accessing the dressed quark mass function from the experimental data for the first time. Studies of the dressed quark mass function will address the most challenging and still open problems of the Standard Model on the nature of the dominant part of the hadron mass, quark-gluon confinement, its emergence from QCD, and its relation to dynamical chiral symme- try breaking, which is expected to be the source of more than 98% of the hadron mass in universe [3] .
Recent advances in the development of the constituent quark models make it possible to extend the Q 2 -range for a better description of the γ v pN * electrocouplings in comparison with DSEQCD approaches, taking into account both contributions from the quark core and the meson-baryon cloud. The two models [45, 46] describe the structure of the N (1440)1/2 + resonance as an interplay between the contributions from the inner core of three dressed quarks in the first radial excitation and an external meson-baryon cloud. Both approaches treat the quark core contributions within the light front framework. The first model [45] employs a phenomenological momentum-dependent dressed quark mass motivated by the DSEQCD results [31, 33] , while the second [46] employs constituent quarks of momentum-independent mass. The meson baryon cloud is modeled by πN loops in the first approach [45] , while the σp loops are employed in the second approach [46] . The CLAS experimental results on the A 1/2 and S 1/2 γ v pN * electrocouplings of the N (1440)1/2 + resonance are shown in Fig. 13 in comparison with the expectations from DSEQCD [33] and from the aforementioned two advanced constituent quark models [45, 46] . Accounting for the meson-baryon cloud contributions allowed us to considerably improve the description of the experimental data at Q 2 < 2.0 GeV 2 , confirming the relevance of meson-baryon degrees of freedom in the N (1440)1/2 + structure at these distances that had previously been established in multi-channel analyses of exclusive meson photo-, electro-, and hadroproduction experimental data [43] .
The CLAS results on the γ v pN * electrocouplings of the N (1520)3/2 − resonance are shown in Fig. 14 . The currently available models for the description of the structure of this state account for quark core contributions only. The quark core contributions to the γ v pN * electrocouplings of most well-established excited nucleon states were explored within the framework of two conceptually different approaches: a) hypercentral constituent quark model [49] and b) Bethe-Salpeter approach that employs structureless constituent quarks with momentumindependent mass and an instanton quark-quark interaction [37] . The hypercentral constituent quark model provides a reasonable description of the experimental results at Q 2 > 1.0 GeV 2 as shown in Fig. 14 . At smaller photon virtualities there are substantial discrepancies between the model [49] and the CLAS results. A similar observation comes from the comparison of the CLAS results with the Bethe-Salpeter approach [37] . Estimates for the contributions from the meson-baryon cloud to the structure of the N (1520)3/2 − resonance were ob- The CLAS data on the γ v pN * electrocouplings of the N (1440)1/2 + and N (1520)3/2 − resonances, together with the results from previous studies [25] and recent analyses of the N * electroexcitations in the third resonance region [15, 71] , strongly suggest that the structure of nucleon resonances for Q 2 < 5.0 GeV 2 is determined by a complex interplay between the inner core of three dressed quarks bound to the states with the quantum numbers of the nucleon resonance and the external meson-baryon cloud. The quark core fully determines the spins and parities of the resonances, while the mesonbaryon cloud affects the resonance masses, electroexcitation amplitudes, and hadronic decay widths. + show a rather slow Q 2 -evolution for 2.0 GeV 2 < Q 2 < 5.0 GeV 2 . The S 1/2 electrocouplings of the N (1440)1/2 + are proportional to the difference
where M R and M N are the N (1440)1/2 + and nucleon masses, respectively. For Q 2 > 2.0 GeV 2 , the contributions from the quark core almost cancel out, making the S 1/2 electrocouplings of the N (1440)1/2 + more sensitive to the meson-baryon cloud contributions for Q 2 > 2.0 GeV 2 . The analysis of the CLAS data has revealed a substantial dependence of the meson-baryon cloud contributions on the quantum numbers of the excited nucleon states and the transition helicity amplitudes. The magnitudes of the meson-baryon dressing amplitudes for the A 1/2 electrocouplings of the N (1520)3/2 − are much smaller than for either the S 1/2 or A 3/2 electrocouplings (see Fig. 14) , as well as with the A 1/2 electrocoupling for the N (1440)1/2 + (see Fig. 13 ). This makes the A 1/2 electrocoupling of the N (1520)3/2 − attractive for the studies of quark degrees of freedom in the structure of the − resonance from the CLAS data on π + π − p electroproduction off the proton [24] in comparison with a hypercentral constituent quark model [49] (thick black solid lines) and the Bethe-Salpeter approach [37] (blue dashed lines). The photocoupling value is taken from the RPP [68] .
− resonance. Studies of the parton content of excited nucleons have been already initiated by the Regensburg University theory group [28, 30] . Recent developments in the Light-Cone-Sum-Rule (LCSR) approach allowed us for the first time to determine the partonic structure of the N (1535)1/2 − resonance [29] from the CLAS experimental results on the electrocouplings of this state for Q 2 > 2.0 GeV 2 [25] . The analysis of the N (1520)3/2 − electrocouplings within the framework of the LCSR approach were carried out in Ref. [72] . However, this approach employs quark distribution amplitudes for the nucleon ground states only. Future LCSR evaluations of the p → N (1520)3/2 − electromagnetic transition amplitudes that incorporate the N (1520)3/2 − quark distribution amplitudes are needed in order to explore the partonic structure of the N (1520)3/2 − resonance.
The γ v pN * electrocouplings and the partial π∆ and ρp hadronic decay widths (see Table XIII ) of the ∆(1620)1/2 − resonance obtained for the first time from CLAS data on π + π − p electroproduction off the proton [24] have revealed very unusual properties of this state (Fig. 15) . Currently it is the only well-established N * state produced via electroexcitation that is dominated by the longitudinal S 1/2 amplitude for 0.5 GeV Table XIII . The attempts to describe the electrocouplings of the ∆(1620)1/2 − resonance within the framework of the constituent quark models, accounting for the contributions from only three dressed quarks in the first orbital excitation that belongs to the [70, 1 − ] SU (6) spin-flavor multiplet, were not successful. As shown in Fig 15, the hypercentral constituent quark model [49] does allow for a reasonable description of the longitudinal electrocouplings, but it underestimates the transverse A 1/2 electrocouplings. Instead, the above-mentioned Bethe-Salpeter approach [37] offers a good description of the transverse A 1/2 electrocoupling of the ∆(1620)1/2 − , but underestimates the longitudinal S 1/2 electrocouplings. The unquenched constituent quark models [73] currently employed in the studies of mesons offer a promising opportunity to explore both the hadron wave functions and the hadronic decays. The extension of these approaches into the baryon sector looks promising in order to understand the nature of the ∆(1620)1/2 − resonance from the combined analysis of the electroexcitation amplitudes and the hadronic decays of this resonance.
The large branching fraction for the hadronic decays to the ρp final state of the deeply sub-threshold ∆(1620)1/2 − state makes it attractive to search for an admixture of exotic configurations such as(qq) that may facilitate the resonance decays to the ρp final state.
VI. SUMMARY AND OUTLOOK
Phenomenological analysis of CLAS data [24] on π + π − p electroproduction off the proton at invariant masses of the final hadron system 1.40 GeV < W < 1.82 GeV and photon virtualities Q 2 from 0.5 GeV 2 to 1.5 GeV 2 was carried out with the primary objective of determining the γ v pN * resonance electrocouplings and their partial hadronic decay widths to the π∆ and ρp final states for all prominent N * states with masses below 1.64 GeV. The JM reaction model [26, 27] previously employed for the extraction of the resonance parameters from π + π − p electroproduction data [23] was further developed for extraction of the resonance parameters in a wider area of W and Q 2 . In order to describe the data [24] on the final hadron distributions over the α i angles for W > 1.5 GeV, the phases of the direct doublepion electroproduction amplitudes were implemented and fit to the measured nine one-fold differential cross sections. The updated JM model provides a good description of all available CLAS data on π + π − p electroproduction off the proton at 1.40 GeV < W < 1.82 GeV and Q 2 from 0.5 GeV 2 to 1.5 GeV 2 . The achieved quality of the data fit [24] is comparable to that obtained in reaction models employed previously for extraction of the resonance electrocouplings from CLAS data on N π [15, 25] and π + π − p [27] electroproduction off the proton. The contributions to charged double-pion electroproduction off the proton from all relevant meson-baryon channels and direct double pion production mechanisms determined from CLAS data within the framework of the updated JM model, shown in Fig. 5 , are of interest for the future modeling of different exclusive meson electroproduction channels that are relevant in the resonance region. These results can also be used in global multichannel analyses aimed at extraction of the resonance parameters from all available data on exclusive meson photo-, electro-, and hadroproduction.
The γ v pN * electrocouplings of the N (1440)1/2 + and N (1520)3/2 − resonances were determined from the exclusive charged double-pion electroproduction cross sections measured with CLAS at Q 2 from 0.5 GeV 2 to 1.5 GeV 2 . Consistent values of the N (1440)1/2 + and N (1520)3/2 − electrocouplings obtained in independent analyses of three W -intervals, where the non-resonant contributions are different, strongly support the reliable extraction of these fundamental quantities. Furthermore, the hadronic decay widths of these resonances to the π∆ and ρp final states obtained in our analysis are consistent with those previously determined in this exclusive channel at smaller photon virtualities Q 2 < 0.55 GeV 2 [27] . Successful description of the CLAS π + π − p electroproduction data [23, 24] in a wide range of photon virtualities from 0.25 GeV 2 to 1.5 GeV 2 with Q 2 -independent hadronic decay widths of the contributing resonances, supports a reliable separation between the resonant and non-resonant contributions achieved in the updated JM model and confirm reliable extraction of the resonance parameters. The ∆(1620)1/2 − resonance decays preferentially to the N ππ final state. The π + π − p exclusive electroproduction off the proton represents the major source of information on the electrocouplings of this resonance. Our studies provide for the first time information on the γ v pN * electrocouplings and the π∆ and ρp partial hadronic decay widths of the ∆(1620)1/2 − resonance. Due to the recent progress in DSEQCD studies of excited nucleon states [3, 31] , the first evaluations of the p → N (1440)1/2 + Dirac F * 1 and Pauli F * 2 transition form factors starting from the QCD Lagrangian have recently become available [33] . A good description of the CLAS experimental results was obtained at Q 2 > 2.0 GeV 2 in the DSEQCD approach. In this application the same momentum-dependent dressed quark mass function was employed that was also used in the previous DSEQCD computations of the nucleon elastic [35] and magnetic p → ∆ transition form factors [31] . A successful description of the nucleon elastic and electromagnetic transition form factors to excited nucleon states of distinctly different structure strongly supports a reliable access to the dressed quark mass function achieved in the analysis [33] . Mapping out the dressed quark mass function from available and future data on p → N * transition form factors will address the most challenging and still open problems of the Standard Model on the nature of the dominant part of the hadron mass, quark-gluon confinement, and their emergence from QCD [2, 3] . These prospects motivate the future studies of the excited nucleon state structure at high photon virtualities from 5 GeV 2 to 12 GeV 2 with the CLAS12 detector after the completion of the Jefferson Lab 12 GeV upgrade [2, 74, 75, 77] .
Analyses of the experimental results on the γ v pN * electrocouplings of the N (1440)1/2 + , N (1520)3/2 − , and ∆(1620)1/2 − resonances in the entire range of photon virtualities covered by the measurements employing the DSEQCD approach [31, 33] , advanced quark models [37, 45, 46] , and a global multi-channel analysis [41] [42] [43] , have convincingly demonstrated that their structure at Q 2 < 5.0 GeV 2 is determined by a complex interplay between the inner core of three dressed quarks and the external meson-baryon cloud. A successful description of the quark core contributions to the electrocouplings of the N (1440)1/2 + resonance within the framework of DSEQCD [33] makes it possible to outline meson-baryon cloud contributions for this state at the resonant point (W = M N * ) from the experimental results on the γ v pN * electrocouplings. We observed pronounced differences for the meson-baryon cloud contributions to different electroexcitation amplitudes and their strong dependence on the quantum numbers of the excited nucleon state and photon virtuality. In particular, small contributions from the meson-baryon cloud to the A 1/2 electrocouplings of the N (1520)3/2 − make this resonance attractive for the exploration of its quark components. The studies of resonance electrocouplings over the full spectrum of excited nucleon states of different quantum numbers are critical in order to explore different components in the N * struc-ture. Available for the first time, ∆(1620)1/2 − resonance electrocouplings and hadronic decay widths to the π∆ and ρp final states have demonstrated a rather peculiar behavior. The ∆(1620)1/2 − state is the only known resonance produced via electroexcitation that is dominated by the longitudinal S 1/2 electrocoupling in a wide range of photon virtualities 0.5 GeV 2 < Q 2 < 1.5 GeV 2 . Furthermore, the ∆(1620)1/2 − resonance has a large branching fraction (above 30%) for the decay into the ρN final states. This is a rather unusual feature for decays of a resonance located in the deeply sub-threshold region for the production of the ρp final state. Failures in describing the ∆(1620)1/2 − electrocouplings within the framework of quark models that account for the contributions of the quark core only [37, 49] , indicate that the structure of this state can be more complex than that assumed in quark models described by the orbital excitation of three quarks with the total orbital momentum L = 1. Further experimental data are needed in order to establish the nature of this state. In the near term future, new CLAS results on the ∆(1620)1/2 − electrocouplings are expected at photon virtualities from 0.3 GeV 2 to 1.0 GeV 2 with a much finer Q 2 -binning [76] . The results on the ∆(1620)1/2 − electrocouplings from CLAS data on charged double-pion electroproduction off the proton eventually will also be extended in Q 2 up to 5.0 GeV 2 . Further developments in hadron structure theory that will allow us to perform a combined analysis of the resonance electrocouplings and hadronic decay widths are critical in order to understand the nature of the ∆(1620)1/2 − state. A search for contributions from exotic(qq) configurations to the structure of this state that may facilitate the decays of the ∆(1620)1/2 − resonance to the ρp final state are of particular interest.
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